Primordial black holes which are produced during an epoch of matter domination are expected to spin rapidly. It is shown that this leads to an enhancement of the detectability of the stochastic gravitational-wave background from their mergers. For a specific model, we explicitly demonstrate that this yields a 50 % increase of the gravitational-wave amplitude as compared to the non-spinning case.
Primordial black holes which are produced during an epoch of matter domination are expected to spin rapidly. It is shown that this leads to an enhancement of the detectability of the stochastic gravitational-wave background from their mergers. For a specific model, we explicitly demonstrate that this yields a 50 % increase of the gravitational-wave amplitude as compared to the non-spinning case.
Gravitational-wave astronomy has become one of the most promising tools for modern observational cosmology and astrophysics. In particular, it may be able to ultimately discriminate the origin of observed merging black holes, i.e. to tell if these are of primordial origin [1] [2] [3] [4] , and in this case, if they could constitute a significant part, or possibly all, of the dark matter (see Refs. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ). In this situation, one expects a measurable stochastic gravitational-wave (GW) background from primordial black holes (PBHs) which have been merging over a large fraction of the cosmic history (cf. Ref. [18] ). The characteristics of the associated GW signal depends on the specific mass distribution of the black holes, their velocities and spins.
Those properties are influenced by the environment within which the black holes form. Most of the literature discussing primordial-black hole formation focuses on gravitational collapse within a radiation-dominated area. However, several authors have entertained the possibility that the holes could have also been created during an epoch of matter-domination (see Ref. [25, 26] for original references and Refs. [16, 27, 28] for more recent discussions). It should be noted that such a phase may have exist before, and additionally to, the one after the matter-radiation equality at redshift z ∼ 10 4 , such as during an epoch after inflation with inflaton oscillations [29, 30] , or during the strong phase transition [25, 26, 31] .
One crucial difference to a radiation environment is the absence of any pressure-gradient force in a matter background. Adopting the theory of angular momentum in structure formation [32, 33] , the authors of Ref. [34] recently found that rotation plays a very important rôle in the formation of primordial black holes within a matterdominated area, and that most of these holes were already rapidly rotating at the time of their formation and will to a large extent continue to do so until now.
When those black holes merge, depending on how their spins are oriented to each other, the amount of energy emitted in gravitational waves will be either larger or smaller as compared to the non-spinning case, being maximal for aligned and minimal for anti-aligned spins [35] .
In the Letter, we elaborate on the effect of PBH spin on the stochastic gravitational-wave background. This is demonstrated using a specific scenario in which the holes have been produced during a phase of matter domination. However, we have to stress that the obtained results are expected to hold in generic situations in which primordial black holes form during a sufficiently long period of matter domination, or have spun up significantly by other effects.
Below, we will utilise the scenario outlined in Ref. [16] , consisting of two scalar fields which together determine the spectrum of perturbations: the inflaton field ϕ, which gives the dominant component to the curvature spectrum at large scales, and an additional light scalar "spectator" field s, which was energetically subdominant during the period of inflation, giving the dominant component at small scales on which it has a large amplitude.
Concretely, the total curvature power spectrum is assumed to be decomposed by
where the first (second) term is assumed to dominate on large (small) scales. The inflaton perturbations are taken to produce an almost scale-invariant spectrum in accordance with the observations of the cosmic microwave background, and shall assume the form
with the Planck pivot scale k * = 0.05 Mpc −1 , the spectral index n ϕ = 0.968 ± 0.006, amplitude A ϕ ≈ 2.14 × 10 −9 , and running α ϕ = −0.0033 ± 0.0074 [36] . The perturbation spectrum of the spectator field is assumed to have a similar form:
with A s A ϕ , n s > 1 and α s ≤ 0.
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For the spectator-field model under consideration, the authors of Ref. [16] derive an expression for primordial black-hole dark-matter fraction within the mass interval (m PBH , m PBH + dm PBH ) at the present epoch,
which holds between the masses M min and M max . These correspond to the smallest and largest scales which become non-linear during the matter-dominated era, respectively; outside of this interval, we have ψ ≡ 0. The amplitude A can be fixed by requiring that the fraction of dark matter consisting of primordial black holes,
The peak mass µ is given by [16] 
with M Pl = 1/G being the Planck mass, G is Newton's constant, and g * (T reh ) denotes the number of relativistic degrees of freedom, being a function of the reheating temperature T reh (which should be higher than 4 MeV for not to interfere with big-bang nucleosynthesis [37] [38] [39] [40] ). If the primordial black holes produced in this scenario constitute a significant fraction of the dark matter, frequent mergers will necessarily occur, emitting a spectrum of gravitational waves. The superposition of this radiation leads to an energy density ρ GW and characteristic strain amplitude [41, 42] 
with f being the observed gravitational-wave frequency. The individual primordial black-hole capture rate has been derived in Ref. [43] using the criterion that for two passing black holes (in the following referred to as 'A' and 'B') in order to form a bound system, the energy loss through gravitational waves should be of the order of the kinetic energy. In the Newtonian approximation (which should be sufficiently accurate as the cross-section is much larger than the black-hole surface area), this leads to the capture rate [43] 
with n PBH being the primordial black-hole number density, and v PBH is the relative velocity of the two holes.
Once bound, the merging of the two black holes typically happens on a time-scale of less than a million years. In turn, the authors of Ref. [11] derive an expression for the merger rate per unit volume and per logarithmic interval of masses,
where ρ DM is the dark-matter density of the Universe. Applied to the spectator-field induced mass distribution Eq. (3), we note that the merger rate Eq. (8) has the qualitative behaviour
Following Ref. [11] , integrating τ merg over the whole mass range and multiplying it by one half, one obtains the total merger rate, which can be used to derived the gravitational-wave amplitude
, with the Hubble rate H(z),
where H 0 denotes the value of the Hubble rate today, and Ω DM , Ω b , Ω r , and Ω Λ are the energy densities of the dark matter, the baryons, radiation and the cosmological constant, respectively, relative to the critical density of the Universe ρ c . The numerical prefactor in Eq. (10) depends on the set of parameters {f PBH , A s , a reh /a md , n s , T reh }, where a reh and a md are the scale factors at reheating and at the end of the matter-dominated phase, respectively. Exemplary, following Ref. [16] , we will make the choice
This implies for the cut-off masses:
For the parameter choice mentioned above, the black holes produced by the spectator-field model under consideration are expected to have close to maximal spin [27] . The authors of Ref. [35] have conducted a numerical study of black-hole mergers and found, for the case of both initial spins χ i being equal to and (anti-)aligned with each other, that the energy radiated away though gravitational waves, E GW , can be approximated by
where χ i ≡ χ i .
For arbitrarily oriented spins, we will conservatively assume that this behaviour holds for the components of the initial spin vectors χ iA,B projected onto each other, while the orthogonal components are taken not to change the amount of radiated energy. Hence, averaging over an ensemble of randomly-oriented spinning black holes will lead to a surplus of radiation as compared to the nonspinning case.
Applying this to the concrete spectator-field model yields an increase of gravitational-wave radiation of 50 %. Figure 1 displays the stochastic background amplitude Ω GW (f ), which experiences an according amplification. This provides an explicit example of a scenario in which a large number of highly spinning black holes are produced, and it has been demonstrated how the stochastic gravitational-wave background signal from their merging is significantly enhanced.
While the effect of black-hole rotation discussed in this work is one amongst a number of others, such as clustering, eccentricity, multi-mergers, tidal forces, or accretion, which could possibly induce a large modification of a detectable gravitational-wave signal as well, it is necessary to know the size of the spin effect in order to pursue further the young but long road of precision gravitational-wave astronomy. 43, 199 (1975) , [167(1975) ]. (13) for the spectator-field model of Ref. [16] , using exemplary µ = 12 M , vvir = 20 km/s, and fPBH = 1. The red dashed curve shows the result including spin, while the red solid curves depicts the (hypothetical) case in which the effect of spin has been neglected. The dotted and dot-dashed grey curves represent the expected sensitivities for LISA for the worst and best experimental designs, respectively [44] .
